ABSTRACT
INTRODUCTION
The use of new technology such as game produces a significant improvement in healthcare. Games are used around the world, and new ideas and technical information are discovered every year; thus, games have a variety of definitions and genres [1] , [2] . The oldest definition is from 1930. However, all of the definitions agree that a game is a set of rules and includes one or more players. One definition is as follows: "An interactive structure of endogenous meaning that requires players to struggle toward a goal" [1] . Moreover, the definition of a video game is the following: "X is a videogame if it is an artifact in a visual digital medium, is intended as an object of entertainment, and is intended to provide such entertainment through the employment of one or both of the following modes of engagement: rules and objective gameplay or interactive fiction" [2] .
Game genres based on [1] are divided into three sections. The first section is general, in which all entertainment, educational, experimental, research, and operational types of games belong. The second section is players, in which a game is classified as single or multi-player. The third section depends on the game goals and the conditions: is it finite or infinite. Game genres, as in [2] , are divided into several types: interactive faction, role-playing, adventure, real-time strategy, and algorithmic games.
1. Passive ROM: The physical therapist moves the patient's joint and no active movement comes from the patient. 2. Active-assistive ROM: Some assistance from the physical therapist is provided. The patient can move his or her limb but cannot complete the full range of motion because of weakness or pain. 3. Active ROM (AROM): All movements are performed by the patient.
The physical therapist may continually provide verbal cues on how to perform the exercises properly [9] , [10] . Most injuries that children incur are in the upper extremities (shoulder, elbow, and wrist) because children are typically active individuals. The treatment depends on the type of fracture and the degree of displacement. The doctor may immobilize the arm in a cast or perform surgery. After surgery and removing the cast, range of motion exercises are recommended to improve the range of motion in the joint [11] . Table 1 illustrates the upper limb joints and their AROM exercises.
In this paper, a 3D interactive game called JCave is designed using Xbox Kinect as a moving capture device. It is interactive single-player adventure, and the end is finite. It focuses on visual objects, and the goal is to increase the player's score to advance to the next level. JCave helps decrease the duration of the patient's physical therapy rehabilitation program. JCave's target users are children from six to twelve years of age who need physical therapy in an upper limb. Elbow flexion and extension and shoulder flexion AROM exercises are supported in the JCave game. The aim of JCave is to motivate the children to do their exercises at home in a fun and exciting way. The player's role in JCave is to collect jewels from a cave to increase his/her score and complete all levels. This paper presents and explains the game development of the proposed JCave game focusing on the AROM exercises analysis and automatic recognition and the gamified environment. 
Paper Structure
The rest of this paper is organized as follows: Section 2 presents the background and related work. Then, the concept and description of JCave game is presented in Section 3. Section 4 details the AROM exercises gesture analysis and automatic recognition. Section 5 explains the configuration/customization and physical therapy environments of JCave game. The Experiments and results are presented in Section 6. Finally, Section 7 concludes the paper and highlights the future work.
BACKGROUND AND RELATED WORK

Limb Motion Capturing
There are two major approaches for motion capturing:
1. Contact based devices: are based on the physical interaction of the user with the interfacing device i.e. glove, accelerometers, multi-touch screen, Nintendo Wii-Remote [12] . 2. Vision based devices: using devices relies on captured video sequence by one or several cameras for interpreting and analysing the motion i.e. motion capture camera Kinect and PrimeSense 3D camera [12] .
Both approaches have their advantages and disadvantages. The main disadvantage of contactbased devices is the health hazards which are caused by its devices like mechanical sensor material which raise symptoms of allergy, magnetic devices which raise risk of cancer etc. On the other hand, vision-based devices though are user friendly but suffer from configuration complexity and occlusion problems, hence more privileged for usage in long run [12] .
Motion Capture Cameras
There are many sensors that track people, e.g., ZED [13] ( Fig. 1(a) ), Swiss Ranger [14] , [15] ( Fig.  1(b) ), Wiimote [16] (Fig. 1(c) ), OptiTrack [17] ( Fig. 1(d) ), and Kinect [18] ( Fig. 1(e) ). These sensors are types of 3D motion capture cameras. Table 2 compares these sensors in terms of the minimum and maximum distance between the person and the sensor, the number of frames the sensor captures per second, the environment that the sensor should be in, if a marker is needed or not, resolution, the degree of viewing range, and cost.
Based on the comparison in Table 2 , Wiimote and OptiTrack are not appropriate sensors for the JCave game because the target user has injuries to an upper limb, making it difficult for them to hold the marker. The Kinect platform is compatible with JCave because it is familiar to the users, is inexpensive, and does not need a marker. 
Kinect sensor
The Kinect sensor is a type of input device. It is a 3D motion capture camera that was developed by Microsoft. It was released in November 2010 with Xbox and was first designed for natural interaction in a video game environment [19] . In 2012, the Kinect sensor for Microsoft Windows was released. Fig. 1(e) shows the four main components of the Kinect sensor: depth sensor, RGB camera, tilt motor, and multi-array microphone [18] , [20] , [8] , [21] . Table 2 . A comparison of the motion capture sensors shown in Figure 3 
Related Work
There are many rehabilitation systems in the literature that employ limb motion capturing. In [3] , the authors proposed an application that uses a single custom-made sensor node consisting of an Inertial Measurement Unit (IMU) attached on a lower limb in order to capture its orientation in space in real-time and provides input to a game on an Android mobile device. Their aim is to increase patient engagement during physiotherapy by motivating the user to participate in a game. In [22] , the authors proposed an Augmented Reality (AR) system for the rehabilitation of hand movements which have been impaired due to illness or accident. Their system uses a standard computer, a webcam and two wireless 5DT data gloves. their system requires specialized technical support and maintenance. In [23] , a high-cost motion capture suit requiring technical set-up was used for representing changes in human motion symmetry during injury rehabilitation. The main drawback of these systems is the health hazards resulted from the contact-based devices [12] . To overcome this drawback our JCave game is using Xbox Kinect as a motion capture device which relies on captured video sequence analysis without direct contact.
Also, there are many games for physical therapy rehabilitation using camera sensors, and JCave was inspired by them. ReaKing [24] is an interactive game using Microsoft Kinect V2 to track people. It is designed to help elderly people perform physical activity. All movements of the patient are recorded so that the physiotherapist can check the progress of the patient. Mira [25] is a system for physiotherapy that uses interactive games based on the best clinical practices and the expertise of physiotherapists. Using Microsoft Kinect for Xbox360, the patients are able to progress to different levels within the games by performing rehabilitating movements. The Therapy store [26] is a therapy system that uses Xbox360 Kinect to monitor a patient's joints at home. It was designed for patients with cerebral palsy and those receiving rehabilitation after a long period of bedrest.
The differences between these games and the proposed game, JCave, is that JCave is a homebased game, which means that there is no need to go to a physiotherapy centre to do the exercises. Moreover, JCave takes into consideration the target users and their conditions by not requiring the player to use his/her movements to pre-set the game. JCave supports a mouse to pre-set the game.
JCAVE GAME CONCEPT AND DESCRIPTION
To choose a suitable concept and idea for the game, we should consider who the target users are and their preferences. The game should be preferred by children from six to twelve years of age and suitable for physiotherapy. The game should not be too exiting to make the child move violently. Moreover, the game should have levels to meet the need of the physiotherapy program and encourage the child to continue doing the exercises.
JCave is a 3D video game for a single player. The player's role is to collect jewels from a cave to increase his score and complete all levels. The player must reach a specific score to finish the level and collects the jewels using a hook that moves automatically on a pendulum from which the hook extends to catch the jewel. A simple description of the JCave game is shown in Figure 2 with the following aspects:
• JCave is a 3D interactive game for children who have an upper limb fracture.
• Elbow flexion and extension and shoulder flexion exercises are chosen as the physiotherapy exercises because the child can perform the exercises alone at home.
• A motion capture camera is used to capture the gestures and track the child. We use Xbox360 Kinect because it is popular, and most children have access to it. The adapter to connect to a PC is the only required addition.
• Microsoft Kinect SDK 1.8 is used as the driver for the Windows operating system.
• A gesture automatic recognition algorithm for the AROM exercises is implemented using the skeleton data of the player provided by Xbox360 Kinect.
• We design and implement a real-time, interactive, single-player, multilevel game using Unity3D and visual studio programs with the C# language.
• We implement the JCave game for a PC with Windows 8 or later, a 64-bit processor, at least 4 GB of memory, a dual-core 3.1 GB or faster processor, and a DX11-capable graphics adapter.
AROM EXERCISES GESTURE ANALYSIS AND AUTOMATIC RECOGNITION
Exercises Gesture Analysis
We analyze the elbow flexion and extension and shoulder flexion exercise gestures using the Xbox360 Kinect motion capture camera to capture the gestures and track the child. In the JCave game, we implement two AROM exercises: elbow flexion/extension and shoulder flexion exercises. To analyze the AROM exercise movement based on the Kinect skeleton space, we consider the Cartesian coordinate system of the user as a mirror of the Kinect skeleton space, as shown in Figure 3 (c).
A tracked skeleton provides detailed information about the position of twenty joints of the user's body, as shown in Figure 3 (d) [28] . The skeleton data for any joint consist of the positions of the joint in the 3D coordinate system.
In the following analysis, we use the skeleton joint position symbols Hand.X, Hand.Y, and Hand.Z to denote the position of the hand on the X-axis, Y-axis, and Z-axis, respectively. Similar symbols related to the elbow and shoulder positions are also used: Elbow.X, Elbow.Y, Elbow.Z, Shoulder.X, Shoulder.Y, and Shoulder.Z. By defining the exercise movement with the position of the hand, elbow, and shoulder in the Cartesian coordinate system, as shown in Figure 3 (c), the game uses the Kinect skeleton data for the user and verifies if the exercise movement is correct.
Elbow Flexion/Extension exercise Analysis
The elbow flexion/extension exercise begins with the arm relaxed next to the body. The arm is gently moved until the forearm makes contact with the muscles of the arm. Then, the arm is extended to be next to the body again, as shown in Figure 4 (a). The exercise is divided into two parts: flexion and extension. Flexion refers to a movement that decreases the angle between two body parts. The flexion at the elbow decreases the angle between the ulna and the humerus, as shown in Figure 4 (b). Extension refers to a movement that increases the angle between two body parts. The extension at the elbow increases the angle between the ulna and the humerus, as shown in Figure 4 (b).
Both the flexion and extension parts are further divided into two segments: hand below elbow (hand down) and hand above elbow (hand up), as shown in Figure 4 (b).
The exercise is described in all directions to place limits on all arm joint movements by observing the relationships between the positions of the joints (hand, elbow, and shoulder) along the X, Y, and Z directions.
(a) Skeleton space [29] (b) Kinect skeleton space 
X-axis Analysis Hand below elbow (hand down) position along the X-axis
The arm does not typically form a straight line from the shoulder to the hand; it forms a carrying angle (A). The carrying angle of the elbow, as shown in Figure 5 (a), is the angle made by the axes of the arm and the forearm when the elbow is in full extension. The carrying angle is typically greater in females than males. When the arms are held out at the sides of the body, the hands should, on average, be approximately 5 to 15 degrees away from the body. This is the normal carrying angle of the elbow. Considering that the angle (A) is 15 degrees, the maximum angle the child should have to perform the exercise is A + C, as shown in Figure 5 (a).
As shown in Figure 5 (a), the maximum distance (M) of the hand along the X-axis when the hand is down is calculated as follows:
where angle C is calculated as follows:
Then, the condition for the right arm is Elbow.X ≤ Hand.X ≤ Elbow.X + M; for the left arm, the condition is Elbow.X -M ≤ Hand.X ≤ Elbow.X.
Hand above elbow (hand up) position along the X-axis
The same M distance calculation is applied for the hand up position along the X-axis, although it is used in the opposite direction, as shown in Figure 5 (b). The condition for the right arm is Elbow.X -M ≤ Hand.X ≤ Elbow.X, and the condition for the left arm is Elbow.X ≤ Hand.X ≤ Elbow.X + M.
Y-axis Analysis
Hand below elbow (hand down) position along the Y-axis
As shown in Figure 5 (a), the condition for both arms is Hand.Y < Elbow.Y.
Hand above elbow (hand up) position along the Y-axis
According to Figure 5 (b), when the hand is above the elbow from the positive to negative Y direction, the order of the body parts is shoulder, hand, and elbow. The shoulder and hand may have the same position, or the hand may be above the shoulder. To cover all possibilities and prevent an incorrect movement, we consider the hand to be above the shoulder with a constant k. The suitable heuristic value of k after trying values from 0 to 1 is 0.2. Thus, the condition for both arms is Hand.Y ≤ Shoulder.Y + k. As shown in Figure 5 (c), the condition for both arms is Hand.Z ≤ Elbow.Z.
Hand above elbow (hand up) position along the Z-axis
As shown in Figure 5 (d), the condition for both arms is Elbow.Z ≤ Shoulder.Z.
A summary of the elbow flexion/extension exercise analysis is presented in Table 3 . A complete exercise is performed with three segments: hand below elbow (hand down), hand above elbow (hand up), hand below elbow (hand down), as illustrated in Figure 4 (b). The exercise is considered correct if the three segments are performed continually without interruption or incorrect movements.
Shoulder Flexion Exercise Analysis
The shoulder flexion exercise begins with the arm relaxed next to the body. The elbow is kept straight, and the arm is raised up in front of the body and toward the ceiling. The arm is gently stretched upward and then brought down, as shown in Figure 6 (a). The exercise is divided into three segments: hand below shoulder (hand down), hand above shoulder (hand up), and hand below shoulder again (hand down), as shown in Figure 6 (b).
Again, the exercise is described in all directions to place limits on all arm joint movements by observing the relationships between the positions of the joints (hand, elbow, and shoulder) along the X, Y and Z directions. Table 3 . A summary of the elbow flexion/extension exercise analysis 
X-axis Analysis
When the right hand is above the shoulder or is below the shoulder, the hand, elbow, and shoulder have the same X position or are ordered from highest to lowest X position as follows: hand, elbow, and shoulder.
When the left hand is above the shoulder or is below the shoulder, the hand, elbow and shoulder have the same X position or are ordered from highest to lowest X position as follows: shoulder, elbow, and hand.
The conditions for the right arm are Hand.X ≥ Elbow.X, Hand.X ≥ Shoulder.X, and Elbow.X ≥ Shoulder.X. The conditions for the left arm are Hand.X ≤ Elbow.X, Hand.X ≤ Shoulder.X, and Elbow.X ≤ Shoulder.X.
Y-axis Analysis
When the right or left hand is below the shoulder, the hand, elbow, and shoulder are ordered from highest to lowest Y position as follows: shoulder, elbow, and hand.
When the right or left hand is above the shoulder, the hand, elbow, and shoulder are ordered from highest to lowest Y position as follows: hand, elbow, and shoulder. 
Z-axis Analysis
When the right or left hand is above the shoulder or is below the shoulder, the Z position of the hand is greater than or equal to the Z position of the elbow. The condition is Hand.Z ≥ Elbow.Z. The complete production rules are summarized in Table 4 . Table 4 . A complete analysis for the shoulder flexion exercise
AROM Exercises Gesture Automatic Recognition
For gesture recognition, Xbox Kinect 360 and Kinect for Windows SDK v1.8 are used to provide skeleton data of the player, and the C# programming language is used for implementation. Figure  7 (a) presents the Kinect flowchart:
• First, the Kinect is checked, and the skeleton stream is enabled when the Kinect is connected.
• Then, the skeleton frame is opened, and the user is detected.
o If the chosen exercise is the elbow flexion extension, the carrying angle A and the maximum distant M are calculated, using equations (2) and (1) respectively, to recognize the gesture. o If the chosen exercise is the shoulder flexion, the gesture recognition is initiated.
Based on the analysis for the two exercises, as presented in Sections 4.1.1 and 4.1.2, the algorithms for each segment, using the derived production rules listed in Tables 4 and 5 , are written. For example, algorithm 1 lists the steps for the hand above elbow (hand up) segment for the right arm.
The gesture recognition flowchart is shown in Figure 7 (b), where a complete exercise is performed in three segments: hand down, hand up, and hand down again. A maximum number of 100 frames (windowSize) are allowed to complete each segment. A complete exercise gesture is recognized only if the three segments are succeeded. The C# open-source code of the wave gesture from [29] is adopted and modified for the JCave gesture recognition, as shown in Figure  7 (b). A screen shot of the implementation output of a complete elbow flexion/extension gesture recognition is shown in Figure 8 (a) and that for a complete shoulder flexion gesture recognition is shown in Figure 8 (b).
JCAVE GAME ENVIRONMENT
Three software tools, Unity3D, Blender, and Visual Studio2016, are used to implement the game:
• Visual Studio: This platform is used for the gesture recognition implementation and the coding portion of the project.
• Unity3D: This platform is used to create some objects and implement the entire game.
• Blender: This tool is used to model and animate the 3D objects.
The final JCave game consists of two main sections: the configuration/customization section and the physical therapy section. JCave game flowchart is shown in Figure 9 .
JCave Configuration/Customization Section
In the configuration/customization section, the child can create new profile and save the player information or select from previously saved profiles. The child also setup some aspects such as character selection, AROM exercise type selection, right/left arm selection, level/sublevel selection and edit the number of the exercises as advised by the physiotherapist. The player uses the mouse and keyboard in the configuration/customization section. JCave configuration/customization section is shown in Figure 10 . 
Jcave Physical Therapy Section
For the physical therapy section, the main interface is shown in Figure 11 which contains the game environment. The JCave environment include the cave, jewels, character (who collects the jewels), the hook, and the gamification feedback elements (Figure 11) . The hook moves automatically on a pendulum from which the hook extends to catch the jewel. The child performs the exercise and the Kinect sensor captures the player's movements. The real time skelton image from the Kinect is also displayed on the main interface, as shown in Figure 11 , as a mean of selfvisual feedback. If the exercise gesture is recognized correctly by the system, the hook moves downward to collect the jewel. The hook movement steps are illustrated in Algorithm 2. If the hook hits the jewel, the score will increase depending on the size and the type of the jewel. The hook movement for a complete correctly recognized elbow flexion/extension gesture is shown in Figure 12 . If the player achieves the score of the sub-level and finishes the number of exercises required each day, he/she will win and proceed to the next sub-level (Figure 13(a) shows a visual hint from the system for winning). The player loses when he/she performs an exercise twice and does not reach the score required of the sub-level and the system shows a visual hint to try again ( Figure 13(b) ).
The JCave game has two levels. In each level, there are twelve sub-levels/stages. In level 1, The jewel has fixed locations in the environment and in level 2, the locations of the jewels change in the environment. The player has to complete the first level to begin the second level. To win, the player must perform at least N exercises and at most N*2 exercises and reach the sub-level's score, where N is the number that the player enters as the number of exercise repetitions when creating his/her profile. The player loses if he/she performs the exercise N*2 and does not reach the sub-level's score. The WinOrLose steps are illustrated in Algorithm 3.
To represent the collected jewel as a score, three sizes of six different jewels shown in Table 6 are created. Each size is associated with a different score value, as shown in Table 6 . The collectedScore is used to calculate the player's score using (3):
where the size is 0, 1, or 2, and JewelIndex is the index of the collected jewel, as shown in Table  5 .
From Table 5 , the player must collect a score of N*10 to win, which is the worst case if he/she collects a jewel of index 1 with size 0.
EXPERIMENTS AND RESULTS
Arom Exercises Gesture Automatic Recognition Experiment
For the system to correctly recognize the exercise gestures, we must comply with the Kinect constraints [30] :
• The Kinect sensor should be on stable surface.
• The area between the player and the Kinect sensor should be clear.
• The player should stand approximately 1.4 m from the Kinect sensor.
• The room should be bright.
• The Kinect sensor should be placed between 0.6 m (2 feet) and 1.8 m (6 feet) from the floor.
• The sensor should not be placed in direct sunlight or within 0.3 meters of the audio speakers.
Further, the gesture recognition testing is applied according to the time needed to perform the exercise (t) in seconds, height of the testers (h) in centimeters, and the distance between the Kinect sensor and the testers (d) in meters. Table 6 shows the gesture recognition status. First, we set h = 148 cm and d = 1.5 m and change the time t. Second, we set d =1.5 m and change the height h at different times t. Finally, we set h = 148 cm and change d at different times t. The representativeness of the testers' heights in tests comes from the game scope and our target users (children from six to twelve years of age). It can be concluded from Table 6 that gesture recognition fails when the exercises are performed too slowly (>7 Sec) which encourage the child to perform the exercise within 3-6 sec. The gesture recognition also fails when the distance d equals to 3 m, but as the game is designed to be at-home (indoor environment), the distance d is guaranteed to be less than 3 m.
Usability Experiment
The purpose of this experiment is to measure the usability of the JCave game, to take notes, and provide additional improvements. The general goal is to ensure that lists and labels in the JCave game are easy to reach and navigate. The quantitative usability goals for the JCave game are to ensure that users are able to understand the meaning of the lists and labels and find the choices that they want in less than one minute with no more than two incorrect choices the first time they need it. They also remember the process correctly after the first time and select it in less than one minute. The general concern of the test is about understanding the JCave game interface and concept. The specific tasks of the test are: start the game, create new profile, edit profile, view help content, start playing, pause the game, resume the game, control the volume and music, exit play, delete profile, and exit from the game. rescale the hook into y-axis about extAmount 6:
reposition the hook into y-axis about -1*extAmount 7: count++ 8: while count > 0 do 9:
rescale the hook into y-axis about -1*extAmount 10:
reposition the hook into y-axis about extAmount 11:
count-- The JCave game is installed and runs on a laptop with Windows 10, which is a 64-bit operating system, with 8 GB of RAM, an Inter(R) Core™ i5-6200U CPU @ 2.30 GHz processor, and a GeForce 920M GPU. Four participants conducted the JCave test. Participants aged between 6 and 12 years. Figure 14 shows the JCave game testing setup. The participant in Figure 14 stands in front of the Kinect sensor at a distance of 1.4 m. The Kinect sensor is placed 0.6 m above the floor. The participant is 6 years of age, and his height is 120 cm. He created his profile and chose the elbow flexion/extension exercise for the left arm. Table 7 shows the participants and the testing results in terms of the time taken to accomplish each task (T), the number of wrong selections (M), the number calls for help (H), the number of times a task was repeated after completing it successfully to measure the remember the process correctly (R), and the number of participants that felt frustrated (F) and confused (C). Table 7 present the raw data that collected from the participants. We calculated the attributes for each task separately. Then we calculated the mean for all the tasks for each participant separately. The results show the participants completed all of the tasks successfully with excellent times. The overall JCave game results were good. Based on the participants' comments on the JCave game, the ability to explain how the exercises are performed while creating the profile and adding the ability to control the music and sound setting in the main menu were suggested.
To measure the level of satisfaction, all the participant rated the proposed game with no confusing and no frustrated which confirm the satisfaction of JCave game. 
CONCLUSION AND FUTURE WORK
A 3D interactive game, called JCave, is designed for children from six to twelve years of age who need physical therapy for an upper limb. The game helps decrease the duration of the children's physical therapy rehabilitation program, motivates patients, and makes the home treatment exercises enjoyable and exciting. The AROM elbow flexion and extension and shoulder flexion exercise gestures are analyzed using the Xbox360 Kinect motion capture camera to capture the gestures and track the child. Based on these analyses an automatic gesture recognition is designed and implemented. The final JCave game consists of two main sections: the configuration/customization section and the physical therapy section. For the physical therapy section, the main interface and the gamification feedback design and implementation is presented for better user engagement. A usability test is applied to children between the ages of six and twelve, and based on the results, the game interface is easy to use. In the future, we will work on adding more exercises, adding more levels, saving the player progress, connecting the player progress with the physical therapy specialist, making an online version of the game, releasing the game to the public, and creating an Arabic version. Also, we plan in the future to have a control group of children who go through the rehabilitation process with/without using the game and report the progress of the rehabilitation process.
